Aim: (±)Doxazosin is a long-lasting inhibitor of α 1 -adrenoceptors that is widely used to treat benign prostatic hyperplasia and lower urinary tract symptoms. In this study we investigated the stereoselective binding of doxazosin enantiomers to the plasma proteins of rats, dogs and humans in vitro. Methods: Human, dog and rat plasma were prepared. Equilibrium dialysis was used to determine the plasma protein binding of each enantiomer in vitro. Chiral HPLC with fluorescence detection was used to measure the drug concentrations on each side of the dialysis membrane bag. Results: Both the enantiomers were highly bound to the plasma proteins of rats, dogs and humans [(-)doxazosin: 89.4%-94.3%; (+)doxazosin: 90.9%-95.4%]. (+)Doxazosin exhibited significantly higher protein binding capacities than (-)doxazosin in all the three species, and the difference in the bound concentration (C b ) between the two enantiomers was enhanced as their concentrations were increased. Although the percentage of the plasma protein binding in the dog plasma was significantly lower than that in the human plasma at 400 and 800 ng/mL, the corrected percentage of plasma protein binding was dog>human>rat. Conclusion: (-)Doxazosin and (+)doxazosin show stereoselective plasma protein binding with a significant species difference among rats, dogs and humans.
Introduction
(±)Doxazosin is a long-lasting inhibitor of α 1 -adrenoceptors that is widely used to treat benign prostatic hyperplasia and lower urinary tract symptoms to reduce the smooth muscle tone in the prostate and the bladder neck [1, 2] . Because (±)doxazosin is nonselective, the α 1 -adrenoceptor blocking effects are not limited to the lower urinary tract and also affect other tissues, such as the vasculature; therefore, (±)doxazosin can cause vasodilator adverse effects (AEs), including dizziness and postural hypotension [3] . These vasodilator AEs can potentially lead to serious complications, such as falls and fractures [4] . Furthermore, a double-blind randomized multiple center clinical trial indicated that the use of (±)doxazosin was associated with a two-fold higher risk of congestive heart failure compared to chlorthalidone among high-risk hypertensive patients [5] . Doxazosin contains a chiral carbon, creating two enantiomers: (-)doxazosin and (+)doxazosin. Recently, we demonstrated that the chiral carbon atom in the molecular structure of doxazosin does not affect the therapeutic activity at α 1A -adrenoceptors in the rabbit prostate, but the chiral carbon significantly affects the inhibition of α 1D -adrenoceptors in the rat aorta [6] . In rat and rabbit heart tissues, (+)doxazosin significantly decreases the atrial rate and produces negative inotropic effects; however, (-)doxazosin produces positive inotropic effects in the atria via an α 1 -adrenoceptor-independent mechanism [6] . Plasma protein binding plays a major role in drug therapy because the bound drug is difficult to pass through blood vessel walls and cell membranes, whereas the unbound drug can cross the capillary wall to reach the cellular target and metabolic tissues. A change in plasma protein binding significantly affects a drug's pharmacokinetic and pharmacodynamic properties [7, 8] , which is especially important for drugs with high protein binding affinities (such as doxazosin). Because the difference in the protein binding property between enantio-mers often causes a difference in the pharmacokinetic characters [9] [10] [11] [12] , enantioselective protein binding studies are essential to understand the pharmacology, safety and clinical efficacy of these drugs. Hence, stereoselective detection and quantification of each enantiomer of (±)doxazosin in biological media are essential.
Equilibrium dialysis has the advantage that non-specific adsorption can be compensated for if the concentration at equilibrium on each side is determined, which means that the adsorption will not affect the concentration ratio at equilibrium [13, 14] . Consequently, equilibrium dialysis was used in the present study. Many studies have focused on the components of plasma proteins that are responsible for reversible drug binding. Although understanding the contribution of each isolated plasma protein to drug binding is important [15] , the data obtained for the individual components of plasma are not applicable in a clinical situation. Therefore, whole plasma was used in this study.
The plasma protein binding for (±)doxazosin in rats, dogs and humans has been reported to be greater than 90% (ranging from 95.3% in rats to 98.3% in humans) [16] . However, no data are currently available showing the stereoselective binding of the doxazosin enantiomers to the plasma proteins of rats, dogs and humans. Therefore, we have applied chiral HPLC methods using a chiral stationary phase column in conjunction with equilibrium dialysis to simultaneously determine the protein binding properties of each doxazosin enantiomer in rat, dog and human plasma after the addition of (±)doxazosin in vitro. The results demonstrate that the doxazosin enantiomers bind enantioselectively to the plasma proteins of rats, dogs and humans, which might partly explain the phenomenon that the plasma concentration of (-)doxazosin is lower than that of (+)doxazosin after administration of (±)doxazosin.
Materials and methods
Reagents (±)Doxazosin mesylate, (+)doxazosin mesylate and (-)doxazosin mesylate with optical purities of more than 99.9% were synthesized and provided by the New Drug Research and Development Center of North China Pharmaceutical Group Corporation (Shijiazhuang, Hebei, China). Prazosin (>99.0% in purity, internal standard, IS) was purchased from Sigma Aldrich (St Louis, Missouri, USA). The dialysis membranes (molecular weight: cut-off 8 000-12 000, flat width: 10 mm) were purchased from Spectrum Laboratories, Inc (Los Angeles, California, USA). Acetonitrile and methanol (HPLC grade) were purchased from Fisher Scientific (Fair Lawn, New Jersey, USA). All other chemicals and solvents were of analytical grade and were purchased from Tianjin Yongda Chemical Reagent Development Centre (Tianjin, China). Water was purified using a Nanopure (Thermo Fisher Scientific, Waltham, Massachusetts, USA) laboratory ultra-pure water system (0.2 μm filter).
Pooled human plasma (anti-coagulated with citrate) from three healthy individuals was obtained from the blood and transfusion center at Bethune International Peace Hospital (Shijiazhuang, Hebei, China). Pooled dog plasma was obtained from the blood of 12 male Beagle dogs, collected in citrate anti-coagulation tubes and centrifuged for 10 min at 1040×g at 4 °C (ScanSpeed 1580R, LaboGene, Lynge, Denmark). Pooled rat plasma was obtained from the blood of 15 male Sprague-Dawley rats and prepared as described above. All of the plasma from humans, dogs and rats was stored frozen at -20 °C until use.
Phosphate-buffered saline (PBS) was prepared by dissolving 5.78 g NaCl, 4.00 g Na 2 HPO 4 ·2H 2 O, and 0.77 g NaH 2 PO 4 ·H 2 O in 1 L of water and adjusting the pH to 7.4 with NaH 2 PO 4 . The PBS had an ionic strength of 0.168, which is a value close to plasma.
Instrumentations and conditions
An Agilent 1260 liquid chromatography system (Agilent Technologies, Santa Clara, California, USA) equipped with a fluorescence detector, a quaternary solvent delivery system, an autosampler and a column compartment was used for all analyses. The chromatographic separations were performed on an Ultron ES-OVM column (150 mm×4.6 mm id, 5 µm, Shinwa, Kyoto, Japan) fitted with a refillable guard cartridge (Shinwa) packed with Ultron ES-OVM (10 mm×4.0 mm id, 5 µm). The mobile phase was phosphate buffer (20 mmol/L, pH 5.32)-acetonitrile (86:14, v/v). All separations were performed isocratically at a flow rate of 1.0 mL/min, and the column temperature was maintained at 30 °C. The detector was operated with an excitation wavelength of 255 nm and an emission wavelength of 385 nm. The retention times of prazosin, (-)doxazosin and (+)doxazosin mesylate were 6.2, 9.1, and 10.4 min, respectively.
Assay of plasma protein concentration
The protein concentration of the pooled plasma was determined using the BCA Protein Assay Kit (Multisciences Biotech Co Ltd, Hangzhou, Zhejiang, China). Bradford reagent (1.5 mL) was added to 50 µL of diluted plasma (diluted 100-fold) in a micro-tube. The reagent and the plasma were mixed in the plate for 30 min on an orbital shaker at 37 °C, and the ultraviolet (UV) absorption of each sample was measured with a TU-1901 UV-VIS Spectrophotometer (Purkinje General Instrument Co Ltd, Beijing, China) at a wavelength of 562 nm. A calibration curve prepared using known concentrations of BSA (bovine serum albumin) ranging from 0.2 to 10 mg/mL was used to quantify the protein concentration of each sample.
Protein binding study The process of equilibrium dialysis
The dialysis membranes were prepared according to the guidelines provided by the supplier. Briefly, the membranes were soaked in boiling deionized water for 20 min, followed by a 20-min soak in 30% alcohol. After washing thoroughly with deionized water, a further 60-min soak in PBS buffer was needed.
A simple equilibrium dialysis device was used and is shown in Figure 1 . First, 500 µL of the rat, dog, or human plasma 1570 www.nature.com/aps Sun JA et al Acta Pharmacologica Sinica npg was loaded in the 2-cm-long dialysis membrane bag that was ligated at both ends. The bag was then placed in a 5 mL microcentrifuge tube with 3 mL PBS buffer containing 200, 400, or 800 ng/mL of (±)doxazosin mesylate. The tube was capped tightly and incubated for 15 h at 37 °C. After the dialysis was completed, the contents of the dialysis bag (free+bound) and the contents of the microcentrifuge tube (free) were collected and determined by HPLC. For each datum, the plasma protein binding was determined in five separate plasma samples.
Characterization of the leakage
A possible leakage of plasma into PBS buffer could have interfered with the measurements in the study. The degree of leakage was controlled by measuring the protein content of the PBS buffer using a turbidity comparison method [17, 18] . Briefly, the PBS buffer (0.5 mL) was sampled after equilibration in a transparent tube, and 0.2 mL of trichloroacetic acid (20%, in water) was added. The tubes were viewed horizontally against a dark background, and the data were rejected if a white precipitate appeared.
Preparation of the samples in PBS buffer
A 20-μL volume of internal standard solution (prazosin 1 µg/mL) was pipetted into 400 µL dialyzed fluid in a 1.5 mL tube. The mixture was extracted with 900 µL of hexane-ethyl acetate (1: 1, v/v). After vortexing for 2 min, the samples were centrifuged for 4 min at 2500×g. Then, the organic layer was transferred to another tube and evaporated to dryness under a gentle stream of nitrogen. The residues were reconstituted with 200 µL of mobile phase. Finally, a 10 µL aliquot of the resulting solution was injected into the HPLC system, and the unbound concentrations (C u ) of doxazosin enantiomers were measured.
Preparation of the samples in the dialysis bag
An aliquot (100 μL) of the contents obtained from the dialysis bag was mixed with 20 µL of the internal standard solution (prazosin 2 µg/mL) and 900 µL hexane-ethyl acetate (1:1, v/v). After vortexing for 2 min, the mixture was centrifuged at 2500×g for 4 min. The organic layer was transferred to conical tube and evaporated to dryness under a gentle stream of nitrogen. The residues were redissolved with 200 µL of the mobile phase, and 10 µL of the resulting solution was then injected into the HPLC system to determine the total concentration (C t ) of each enantiomer of doxazosin.
Statistical analysis
The bound concentration (C b ) was calculated according to the equation of C b =C t -C u , where C t and C u are the total concentration and the unbound concentration, respectively. The protein binding was calculated by the following equation [14] : P(%)=[C b /C t ]×100. The statistical analysis was performed using Prism software 5.01 (San Diego, California, USA). A t-test was used to evaluate the difference in the bound drug concentration between (-)doxazosin and (+)doxazosin. A one-way ANOVA was used to evaluate the difference in the plasma protein binding of (-)doxazosin or (+)doxazosin among three species. All of the data were expressed as the mean±SD. Figure 2 shows the representative chromatograms of the chiral doxazosin in blank plasma samples from rats, dogs and humans as well as in PBS buffer and spiked samples. The chiral HPLC methods for the separation of doxazosin enantiomers were highly selective. Prazosin, (-)doxazosin and (+)doxazosin were clearly resolved from the matrix components under the chromatographic conditions, and the two enantiomers of doxazosin were baseline resolved from one another (Figure 2) .
Results and discussion

Method validation
The calibration curves (weight 1/x 2 ) of the two enantiomers of doxazosin were linear, with correlation coefficients greater than 0.9990 over the concentration range of 50-1600 ng/mL for plasma and 12.5-200 ng/mL for PBS. The precision and accuracy of the method were also investigated. The precision (relative standard deviation, RSD) based on five repetitive injections at drug concentrations of 0.2, 0.5, and 1 µg/mL was less than 3.2% (intra-day) and 6.3% (inter-day) for the plasma extracts of all three species. The accuracy was in the range of 90.5%-102.4% for all plasma and PBS buffer matrices at the three drug concentration levels. The detection limit at a signal-to-noise ratio of 3 in the plasma of all three species was approximately 0.2 ng/mL for doxazosin. The enantiomers of doxazosin were stable during the entire course of the study, including the sample preparation, centrifugation and the HPLC assay.
Additionally, we studied the chiral inversion behavior of (-)doxazosin and (+)doxazosin by adding a single enantiomer to the plasma of the three species in vitro. No (-)doxazosin was detected after addition of (+)doxazosin and vice-versa (data not shown). Therefore, there was no racemization in vitro after single enantiomer addition.
Optimization of the equilibrium dialysis conditions
The time for doxazosin to reach equilibrium between plasma and isotonic PBS was investigated. Isotonic PBS spiked with (±)doxazosin (800 ng/mL) was dialyzed against pooled human plasma at 0, 4, 8, 15, and 20 h. (-)Doxazosin and (+)doxazosin (Figure 3) . The equilibrium times for dog and rat plasma were the same as the equilibrium time for human plasma (data not shown). Therefore, the equilibrium dialysis duration was 15 h in the subsequent equilibrium dialysis experiments at incubation temperature of 37 °C (body temperature).
The difference in protein binding between the enantiomers
In the concentration range between 200 and 800 ng/mL of (±)doxazosin, the percentages of plasma protein binding of the enantiomers in the three species were 89.4%-94.3% for (-)doxazosin and 90.9%-95.4% for (+)doxazosin. The results showed that either (-)doxazosin or (+)doxazosin was highly bound to plasma proteins, which is consistent with previous investigations that determined the binding of racemic doxazosin [16, 19] . Furthermore, the C b values of (-)doxazosin were significantly lower than those of (+)doxazosin (P<0.01) in the plasma from each of the three species at the used concentrations of (±)doxazosin ( Table 1) . As shown in Figure 4A to Figure 4C , the difference in the C b between the two enantiomers increased with higher concentrations of (±)doxazosin regardless of the species. Moreover, the stereoselectivity of Table 1 . Bound fraction of doxazosin enantiomers (ng/mL) in the plasma from rat, dog, and human when low (200 ng/mL), middle (400 ng/mL), and high (800 ng/mL) doses of racemic doxazosin were applied (mean±SD, n=5). A difference in the plasma protein-binding capacity between the two enantiomers could lead to different pharmacokinetic behaviors. Drug clearance from the blood is directly proportional to the free fraction in the plasma, and the higher unbound (-)doxazosin concentration in human plasma observed in the present study might partly explain the phenomenon reported by Liu et al [20] , that the human plasma concentration of (-)doxazosin is lower than that of (+)doxazosin after racemate administration [20] . In our laboratory, the different plasma concentrations of the two enantiomers in the dog and the rat were observed after administration of (-)doxazosin and (+)doxazosin (unpublished data). Therefore, the discrepancy for plasma protein-binding capacity between (-)doxazosin and (+)doxazosin could be a reason for the different pharmacokinetic parameters in rat, dog and human plasma [21, 22] .
Difference in protein binding among three species As shown in Table 2 , no significant difference in the percentage of plasma protein binding among three species was found when 200 ng/mL of (±)doxazosin was added to PBS. However, the percentage of plasma protein binding in dog plasma was significantly lower than that in human plasma at 400 and 800 ng/mL of (±)doxazosin (P<0.05 and P<0.01, Table 2 ), which is consistent with the previous report that the plasma protein binding of (±)doxazosin in human plasma was higher than that in dog plasma [16] . Because the total protein concentrations of the pooled plasma from rats, dogs and humans were 61.81, 51.35, and 57.75 mg/mL, respectively, the percentage of plasma protein binding should be corrected with the value of the protein assay ( Figure 5 ). The corrected percentage of plasma protein binding of the enantiomers at a given concentration was variable in different species: dog>human>rat (P<0.01).
Conclusion
In this study, equilibrium dialysis was used to determine the plasma protein binding of the enantiomers of (±)doxazosin in rat, dog, and human plasma. Chiral HPLC with fluorescence detection was validated and used to measure the drug concentration on each side of equilibrium. The racemization test was Table 2 . Percentage of plasma protein binding of (-)doxazosin and (+)doxazosin in rat, dog, and human plasma when low (200 ng/mL), middle (400 ng/mL), and high (800 ng/mL) doses of racemic doxazosin were applied (mean±SD, n=5) performed and showed no chiral inversion of the doxazosin enantiomers. The (-)doxazosin and (+)doxazosin enantiomers were baseline-resolved under chromatographic conditions. The results showed that either (-)doxazosin or (+)doxazosin was highly bound to plasma proteins. Moreover, the protein binding of the doxazosin enantiomers in human, dog, and rat plasma revealed a significant difference in the bound fractions, ie, a higher protein-binding capacity of (+)doxazosin than (-)doxazosin, which could explain the difference in plasma concentration between (-)doxazosin and (+)doxazosin in human orally administered (±)doxazosin [20] . Additionally, a significant difference in the plasma protein binding between species was found in this study, with a higher protein-binding capacity in humans than in dogs. Because the total protein concentrations of the plasma were significantly different among rats, dogs, and humans, the corrected percentage of plasma protein binding was calculated in the study, which indicated the order of dog>human>rat (P<0.01). Therefore, the findings of a stereoselective plasma protein binding between (-)doxazosin and (+)doxazosin and a significant species difference in the plasma protein binding of rats, dogs, and humans should be useful in understanding the pharmacokinetic characters of chiral doxazosin.
